The functional response of the indigenous green lacewing Chrysoperla nipponensis (Okamoto) and the imported green lacewing Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) feeding on seven different densities of the cotton aphid Aphis gossypii (Glover) (Homoptera: Aphididae) was studied under laboratory conditions at 20°C. C. nipponensis and C. carnea have shown a Type II functional response based on logistic regression analysis. The maximum number of prey eaten by C. carnea was higher than C. nipponensis. Handling time decreased at 24 h for both species, but was higher for C. nipponensis at 12 and 24 h than for C. carnea. The attack coefficient of C. nipponensis was slightly higher than C. carnea in second and third instars. These results indicate that C. carnea may eat more aphids at high prey densities; however, C. nipponensis could be considered a prospective candidate for use as a commercial biological control agent for aphids in Japan. C. nipponensis will become more important than C. carnea from the viewpoint of environmental safety because it is a native species adapted to the Japanese environment, and nontarget effects can be avoided.
INTRODUCTION
The cotton aphid Aphis gossypii (Homoptera: Aphididae) is a polyphagous pest with worldwide distribution in tropical, subtropical, and warm temperate regions (Isikber, 2005) . This aphid is a vector of more than 30 plant viruses and has been observed feeding on more than 80 plant families (Ebert and Cartwright, 1997) . In Japan, A. gossypii is considered a major greenhouse pest of sweet pepper (Capsicum annum), eggplant (Solanum melongena), cucumber (Cucumis sativus), tomato (Solanum lycopersicum), and watermelon (Citrullus lanatus) (Yano, 2003) . The common green lacewing, Chrysoperla carnea, is an important biological control agent (Tulisalo and Tuovinen, 1975) , and is specially employed in the control of aphids. This species is commercially imported to Japan from Germany, and was sold as a biological pesticide from 2001 (Mochizuki and Mitsunaga, 2004) to 2007 for the control of aphid pests of greenhouse crops. On the other hand, the indigenous green lacewing species, Chrysoperla nipponensis, is widely distributed in Japan, and is considered to be a prospective biological control agent (Niijima, 1997) . Although several comparative studies of these two species have been reported (Mochizuki and Mitsunaga, 2004; Naka et al., 2006) their predatory capacity has not been investigated. Comparison of the functional response of natural enemies is one of the major areas of investigation to provide insight into their suitability as biological control agents (Casas and Hulliger, 1994) . Functional response is important in determining the capacity of a predator to regulate the density of its prey (Murdoch and Oaten, 1975; Schenk and Bacher, 2002; Omkar, 2005) . Functional response is a principal component in the successful use of biological control agents against pest populations, especially in ephemeral vegetable crops, while a numerical response may be more important on perennial crops where both, prey and predators reproduce over generations (Gitonga et al., 2002) ; however, the functional response of C. carnea in the laboratory has received little attention and has been reported only on different egg densities in the tobacco budworm, Heliothis virescens (Lepidoptera: Noctuidae) (Stark and Whitford, 1987) . The functional response for C. nipponensis has not been reported.
In the present study, we compared the type of functional response, handling time, and attack coefficient of C. carnea and C. nipponensis feeding on A. gossypii in laboratory conditions in order to investigate which predator is the most suitable as a biological control agent for the aphid A. gossypii in greenhouse crops in Japan.
MATERIALS AND METHODS
A. gossypii were collected from sweet peppers (Capsicum annum) in greenhouse commercial crops in Geisei Village, Aki Gun, Kochi Prefecture, Japan. They were reared in a Petri dish (5 cm diameter; 1.5 cm deep) with a pepper leaf disk, and then maintained at 20Ϯ1°C with a photoperiod of 16L8D. In May 2007, C. carnea larvae were purchased from Arysta LifeScience Corp. (Tokyo, Japan). C. nipponensis adults were collected using a light trap in field crops of peaches (Prunus persicae) at the Faculty of Agriculture, Kochi University, Nankoku City, Kochi Prefecture, Japan. Adults of both lacewings were maintained in a plastic cylindrical cup supplied with water and honeyyeast diet in 1 : 1 mass ratio (Nakahira et al., 2005) . The larvae were reared with defrosted eggs of the Mediterranean flour moth Ephestia kuehniella. Second and third generations were used in this experiment. Functional responses of each larval stage were investigated on a Petri dish (9.0 cm diameter; 1.5 cm deep) with a pepper leaf disk (9 cm in diameter) collected in greenhouse commercial crops.
Seven different density treatments (2, 4, 8, 16, 32, 64 , and 128) of medium size aphids (second to fourth instar) were selected and introduced on the leaf disk with a single larva of the first, second or third instar of C. nipponensis or C. carnea. After 12 and 24 h, the number of aphids eaten by the larva was reported by counting the aphids remaining on the Petri dish. Each density treatment was replicated 10 times. Before the experiment, the larvae of each instar of C. nipponensis and C. carnea were supplied with E. kuehniella defrosted eggs for 12 h, after hatching (first instar) or molting (second and third instar), and then starved for 24 h. All experiments were performed in an incubator at 20Ϯ1°C and 16L8D. The significance of differences between the number of aphids eaten by both green lacewing species were analyzed by t-test using the SPSS software program (SPSS Inc., 2008) .
The type of functional response, the percentage of prey killed compared with the number of prey offered, was determined by logistic regression analysis (Trexler et al., 1988; Juliano, 2001 ) using the SPSS software program (SPSS Inc., 2008 ). Another measure was the shape of the curve of the proportion of prey killed vs. the number of prey offered (Stewart et al., 2002) . The linear coefficient of the plot of the proportion of prey eaten vs. the initial number of prey offered is negative for a Type II response and positive for a Type III response (Juliano, 2001 ). In the second step, the random-predator equation (Royama, 1971 ) was used according with the procedure given by Ito and Murai (1977): where z is the number of prey attacked, X 0 is the initial prey density, a is the attack coefficient, Y is the number of predators, which in this case is 1, t is the length of time the predator and prey are exposed to one another, in this case 0.5 and 1 day, and h is the handling time per prey.
Although the linearization of random-predator equation is used to find parameter estimates usually used in experiments with prey replacement, we found that it gave a good fit to our data. Non-linear regression using the SPSS software program was also fitted to the data but in first instars the handling time was negative, which is an invalid parameter. Tables 1 and 2 show the number of aphids eaten by C. carnea and C. nipponensis at 12 and 24 h at seven different prey densities. The number of aphids eaten by first instar larvae of C. carnea at 24 h was significantly higher than that of C. nipponensis when 16 and 32 aphids were offered. The number of aphids eaten by second instar larvae of C. carnea at 24 h was significantly higher than that of C. nipponensis when 16, 32, and 64 aphids were offered (Table 2 ). In contrast, the number of aphids eaten by third instar larvae of C. nipponensis at 12 h was significantly higher than that of C. carnea when 4, 8, and 128 aphids per Petri dish were offered (Table 1) .
RESULTS
The functional response suggested by logistic regression was a Type II response because estimates of the linear coefficients were negative, and quadratic coefficients were positive in both species (Table 3) . When the proportion of prey eaten declined at high prey density, a negative slope along all parts of the curve was more evident for first instars than third instars of both species (Fig. 1) .
The estimated maximum number of prey eaten was higher for C. carnea at 12 h and 24 h than for C. nipponensis (Table 4 ). The handling time decreased at 24 h for both species, and was higher for C. nipponensis at 12 and 24 h than for C. carnea. The range of attack coefficient for both species was 1.0 to 2.5 in 12 h and 2.0 to 2.9 in 24 h. The value for C. nipponensis was higher than for C.carnea in second and third instars.
DISCUSSION
In this study, C. nipponensis and C. carnea presented a Type II functional response (Holling, 1959) , similar to several reports on the functional response in C. carnea, C. rufilabris, C. externa, and C. congrua (Stark and Whitford, 1987; Nordlund and Morrison, 1990; Kabissa et al., 1996; Fonseca et al., 2000; Stewart et al., 2002; Auad and Moraes, 2003) . Although the functional response-204
A. F. MONTOYA-ALVAREZ et al. Type III represents the only response with regulating possibilities (Huffaker et al., 1971) , in biological control programs of ephemeral crops with augmentative release, regulating possibilities are not as important as in inoculative releases (Nordlund and Morrison, 1990) . The proportion of aphids eaten by both species increased at a decreasing rate in higher aphid densities, and the proportion of aphids eaten was not constant (Fig. 1) . On third instar larvae, the Type II functional response was more evident at 12 h than at 24 h, possibly because they are voracious feeders; a plateau or predator satiation was not reached at 24 h with 128 aphid density.
The handling time is a feature of predatory behavior, and influences the functional response by decreasing the search-and-attack rates as prey density increases (Nordlund and Morrison, 1990) . The handling time of both species decreased over time and the attack coefficient increased at 24 h (Table  4) . These results can be explained because the larvae take time to acclimate to the new experimental arena and to a new type of prey. C. carnea shows a higher maximum number of prey attacked (Z) and less handling time (h) than C. nipponensis, although C. nipponensis presents a slightly higher attack coefficient than C. carnea in second and third larval instars (Table 4) . However, laboratory measure of the functional response provides a biased perspective on the effectiveness of predators in the field because, in laboratory trials, the prey density is artificially high with low search requirements (O'Neil, 1997) and an absence of alternative prey; for that reason, field trials of functional response will be necessary to understand the predatory capacity of C. nipponensis and its effectiveness as a biological control agent in ephemeral crops habitats. The laboratory results presented in this study suggest that C. nipponensis could be considered as a prospective candidate for use as a commercial biological control agent for aphids in Japan. C. nipponensis will become more important than C. carnea from the viewpoint of environmental safety because it is a native species adapted to the Japanese environment, and non-target effects could be avoided.
